Background/Objective: studies on the association of dementia with specific body composition (BC) components are scarce. Our aim was to investigate associations of BC measures with different levels of cognitive function in late-life. Methods: we studied 5,169 participants (mean age 76 years, 42.9% men) in the AGES-Reykjavik Study of whom 485 (9.4%) were diagnosed with mild cognitive impairment (MCI) and 307 (5.9%) with dementia. Visceral fat, abdominal and thigh subcutaneous fat, and thigh muscle were assessed by computed tomography. MCI and dementia were based on clinical assessment and a consensus meeting; those without MCI or dementia were categorised as normal. Multinomial regression models assessed the associations stratified by sex and in additional analyses by midlife body mass index (BMI). Results: among women, there was a decreased likelihood of dementia per SD increase in abdominal subcutaneous fat (OR 0.72; 95% CI: 0.59-0.88), thigh subcutaneous fat (0.81; 0.67-0.98) and thigh muscle (0.63; 0.52-0.76), but not visceral fat, adjusting for demographics, vascular risk factors, stroke and depression. Inverse associations of fat with dementia were attenuated by weight change from midlife and were strongest in women with midlife BMI <25. In men, one SD increase in thigh muscle was associated with a decreased likelihood of dementia (0.75; 0.61-0.92). BC was not associated with MCI in men or women. Conclusion: a higher amount of abdominal and thigh subcutaneous fat were associated with a lower likelihood of dementia in women only, while more thigh muscle was associated with a lower likelihood of dementia in men and women.
Background
Obesity in midlife has been associated with greater cognitive decline and increased risk of dementia [1, 2] . However, in late-life obesity has been associated with a decreased likelihood of having dementia [3] [4] [5] , possibly due to weight loss in the prodromal phase of dementia [6] . Most studies examining the relationship between obesity and dementia infer an association of adiposity with dementia, but use indirect measurements, such as body mass index (BMI) and waist circumference. However, ageing is associated with an increase in fat mass and a decrease in lean mass, making BMI a less suitable measurement for total body adiposity in older persons. In addition, BMI does not provide a measure of muscle [7] or of the specific fat components of visceral and subcutaneous fat, which are related to different metabolic profiles. For example, compared to subcutaneous fat, visceral fat has been shown to be more metabolically active and is more strongly associated with insulin resistance [8] .
Studies on the association between specific body composition (BC) components and dementia are scarce and did not use BC measures that separate visceral from subcutaneous fat [9] . Identifying critical changes in BC associated with different levels of cognitive function can help understand underlying metabolic changes accompanying dementia, and help in clinical care of older persons.
Here, we examine in a large well-characterised cohort followed from mid to late-life the association of the amount of abdominal fat (visceral and subcutaneous), thigh subcutaneous fat and thigh lean muscle tissue with mild cognitive impairment (MCI), considered an intermediary stage to dementia and dementia in older persons. We also investigate whether these associations are different by midlife BMI.
Methods Subjects
The Age Gene/Environment Susceptibility (AGES)-Reykjavik Study, previously described [10] , is a population-based cohort study of 5,764 Icelandic men and women aged 66-96 years. The study extends the Reykjavik Study established in 1967 by the Icelandic Heart Association to prospectively study cardiovascular disease in Iceland. Informed consent was obtained from all participants. The study was approved by the National Bioethics Committee in Iceland, which acts as the Institutional Review Board for the IHA (VSN-00-063), and by the National Institute on Aging Intramural Institutional Review Board.
Measures

Cognitive status (normal-MCI-dementia)
Case finding was based on a three-step procedure, previously described [10, 11] . Dementia and MCI were diagnosed by a consensus conference following the criteria of the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition [12] . MCI was defined by cognitive performance (scoring <−1.5 SDs below a cut-point determined from the distribution of scores in a cohort subsample) on memory or two other domains, which is not severe enough to cross the threshold for dementia [13] .
Body composition
CT imaging of the mid-thigh and abdomen at the L4/L5 vertebrae was performed with a four-row detector system (Sensation; Siemens Medical Systems, Erlangen, Germany) and has been described previously [14] . Abdominal visceral fat and subcutaneous fat were estimated from a single 10 mm thick trans-axial section. Abdominal visceral fat was distinguished from subcutaneous fat by tracing along the facial plane defining the internal abdominal wall. Adipose areas were calculated by multiplying the number of pixels by the pixel area using specialised software (University of California, San Francisco). Thigh subcutaneous fat and muscle were estimated from a single 10 mm thick axial section as described previously [15] . Total thigh subcutaneous fat and muscle were determined from the right and left thigh.
BMI was calculated as measured weight in kilograms divided by measured height in metres squared. Midlife BMI was categorised as low to normal BMI (<25.0 kg/m 2 ) and overweight to obese (≥25.0 kg/m 2 ) [4] . Percentage weight change from midlife was calculated as: ((late-life weight − midlife weight)/midlife weight) × 100.
Co-variates
We corrected for potential confounders: age, education (primary, secondary or higher than secondary), depressive symptoms assessed with the 15-item Geriatric Depression Scale (GDS) (high depression symptomatology was classified as a score ≥6) [16] and smoking history.
Potential confounders or mediators we adjusted for were: triglyceride/high-density lipoprotein (TG/HDL) ratio (level of triglycerides divided by level of HDL cholesterol), highsensitivity C-reactive protein (hs-CRP), presence of type 2 diabetes, hypertension and prevalent stroke. Presence (ε2/4, ε3/4 and ε4/4 genotype) or absence (ε2/2, ε2/3 and ε 3/3 genotype) of an apolipoprotein E (APOE) ε4 allele was included as a potential moderator. See Appendix 1 (Supplementary data are available in Age and Ageing online) for detailed methodology.
Analytical sample
Of the 5,764 participants, we excluded 252 missing data on cognitive status, additionally 296 with missing CT-scan data and additionally 47 with missing data on various confounders, giving a final sample of 5,169. Participants excluded due to missing data (n = 595), were significantly older, were more likely to be female, to have less formal education, to have diabetes, to have had a stroke, to report depressive symptoms, less likely to report a history of smoking, had higher hs-CRP levels, a higher TG/HDL ratio and gained less weight from midlife.
Furthermore, of the 5,169 participants, we coded the 264 participants with missing data for the 15-point GDS score into a third category for missing (≥6, considered to have depression symptomatology, <6 having no significant symptomatology and missing).
Statistical analyses
Because of known differences in BC between men and women, all analyses were stratified by sex. Sex-specific z-scores were calculated for each individual (individual value for the BC measure minus the mean for their sex and divided by the SD for their sex). Differences in baseline characteristics were analysed with ANOVA or Chi-square tests.
Multinomial regression techniques were used to analyse the association between continuous Z-score values of abdominal fat, thigh subcutaneous fat, and thigh muscle (independent variables) and cognitive status (normal, MCI and demented). We adjusted models of adiposity, muscle and cognitive status for age (model 0), plus other potential confounders (Model 1; educational level, smoking status and depressive symptoms). For Model 2, we added to Model 1, potential mediators (diabetes, hypertension, stroke, TG/HDL ratio, hs-CRP), and in Model 3 we added to Model 2, change in weight from midlife. In addition, we investigated the potential moderating effect of having an APOE ε4 allele by testing the statistical significance of the interaction between APOE ε4 and BC measures (APOE ε4 status × BC variable) on cognitive status in Model 2. As there were generally no significant interactions, we do not report further on this.
Finally, we performed the analyses stratified by midlife BMI category (low-normal: BMI <25; overweight-obese: BMI ≥25) and additionally tested the interaction between midlife BMI category and BC measures (midlife BMI category × BC variable) on cognitive status in Model 2.
Analyses were conducted using IBM SPSS Statistics for Macintosh, version 20 (IBM Corp., Armonk, NY, USA). A P-value of <0.05 was considered statistically significant.
Results
Baseline characteristics
Of the 5,169 participants, 2,217 were men (42.9%), of whom 249 (11.2%) had MCI and 146 (6.6%) had dementia (Table 1) . Mean age of the total sample was 76.4 years (SD = 5.5). Of the 2,952 woman (57.1%), 236 (8.0%) had MCI and 161 (5.5%) had dementia. Mean age of midlife weight and BMI assessment was 49.9 years (SD = 6.1) for men and 52.2 years (SD = 7.0) for women. Further descriptions of the cohort are found in Table 1 . Men had more visceral fat and muscle tissue than women, while women had more abdominal and thigh subcutaneous fat than men (Appendix 2, Supplementary data are available in Age and Ageing online).
BC and cognitive status
In women, visceral fat was not significantly associated with dementia ( Figure 1B ; Appendix 3, Supplementary data are available in Age and Ageing online). In contrast, abdominal subcutaneous fat was significantly associated with dementia, such that an increment of one SD in abdominal subcutaneous fat was associated with a 28% decreased likelihood of dementia in women ( Figure 1B ; Appendix 3, Model 2, Supplementary data are available in Age and Ageing online). After further adjustment for weight change from midlife, which was inversely associated with dementia (less weight loss/more weight gain was association with a decreased likelihood of dementia), this association attenuated and became non-significant (Figure 2A ; Appendix 3, Model 3, Supplementary data are available in Age and Ageing online). Thigh subcutaneous fat was also significantly associated with a decreased likelihood of dementia in Models 0-2 (Appendix 3, Supplementary data are available in Age and Ageing online). One SD increase in subcutaneous fat was associated with a 19% decreased likelihood of dementia in women ( Figure 1B ; Appendix 3, Model 2, Supplementary data are available in Age and Ageing online). This association was attenuated and became non-significant after further adjustment for weight change from midlife (Figure 2A ; Appendix 3, Model 3, Supplementary data are available in Age and Ageing online). Finally, in women, thigh muscle was significantly associated with a decreased likelihood of dementia, whereby an increment of one SD in thigh muscle was associated with a 37% decreased likelihood of dementia ( Figure 1B ; Appendix 3, Model 2, Supplementary data are available in Age and Ageing online). This association was attenuated slightly after adjustment for weight change from midlife, but remained statistically significant (Figure 2A ; Appendix 3, Model 3, Supplementary data are available in Age and Ageing online).
In women, BC measures were not significantly associated with MCI; however, the ORs for abdominal, thigh subcutaneous fat and muscle tended to be intermediate to the ORs of those who were cognitively normal and those with dementia ( Figure 1B ; Appendix 3, Models 0-2, Supplementary data are available in Age and Ageing online). In Model 3, these associations attenuated somewhat (Appendix 3, Model 3, Supplementary data are available in Age and Ageing online).
In men, fat measures were not associated with cognitive status ( Figure 1A ; Appendix 3, Models 0-2, Supplementary data are available in Age and Ageing online). In contrast, an increment of one SD in thigh muscle was significantly associated with a 25% decreased likelihood of dementia ( Figure 1A Since vascular dementia may be a part of the residuals from stroke, we performed a sensitivity analysis to examine whether our results (Appendix 3, Model 2, Supplementary data are available in Age and Ageing online) would change after excluding participants with stroke. Excluding these participants did not change the associations (data shown in Appendix 4, Supplementary data are available in Age and Ageing online).
In addition, we performed a sensitivity analysis excluding participants with missing data for depressive symptoms. After excluding these participants, the P-value of the association between thigh muscle and dementia in men increased slightly and became non-significant (P = 0.06). Other results did not change (data not shown).
Analyses stratified by BMI at midlife
In women with a low-normal midlife BMI (midlife BMI <25), the likelihood of dementia significantly decreased per SD Excluding those with midlife BMI <18.5 (N for men = 13, N for women = 39) did not change the results.
Discussion
In this cross-sectional study of a large community-based cohort of older adults, we found that higher amounts of abdominal subcutaneous fat, subcutaneous thigh fat and thigh muscle were associated with a decreased likelihood of dementia in women; the association of visceral fat with dementia was not statistically significant. These associations were independent of demographics, vascular risk factors, hs-CRP, depression and stroke and were not moderated by APOE ε4 status. Associations between fat and dementia were related to weight change from midlife (less weight loss/more weight gain was association with a decreased likelihood of dementia in women), while thigh muscle was associated with dementia independent of the weight change from midlife. The associations of BC, particularly thigh subcutaneous fat, with the likelihood of dementia were stronger in women with a BMI <25 compared with a BMI ≥25. In men, only an increase in thigh muscle was associated with a decreased likelihood of dementia, independent of weight change.
Our results are in line with previous studies showing that a decline in body weight and a low late-life BMI are associated with dementia [5, 6, 17] . Comparison to other studies of the association between BC and cognition is difficult because previous studies did not include the Reference group is the normal cognitive status group. *P-value <0.05, **P-value <0.01.
combination of measures that was included in this study, i.e. multiple measures of cognitive status, BC and change in weight from midlife [18] [19] [20] . The inverse associations between fat and dementia in women may reflect processes related to the regulation of female hormones. Adipose tissue is the major source of endogenous oestrogens in postmenopausal women [21, 22] . Oestrogens may affect cognition by binding to oestrogen receptors that are located throughout the brain, especially in regions of the hippocampus and amygdala, which are involved in learning and memory [23] . Indeed, studies have shown that endogenous estradiol is associated with a decreased risk of cognitive impairment [18, 24] . Another potential mechanistic pathway may involve the hormone leptin. Leptin is produced by adipose tissue, particularly by subcutaneous fat [25] , and has been associated with learning and memory processes and with lower dementia risk [4] . Furthermore, some studies have suggested a possible beneficial role for thigh subcutaneous fat as more gluteofemoral fat tissue (fat in thigh and buttocks) has been associated with lower glucose and lipid levels and as loss of subcutaneous fat, observed in patients with lipodystrophic syndromes, has been associated with an increased risk for insulin resistance, diabetes and dyslipidemia [26] . However, in our study adjustment for TG/HDL cholesterol ratio, an indicator of insulin resistance [27] and predictor of coronary heart disease [28] , and diabetes did not change the association between thigh subcutaneous fat and dementia when entered separately in the model. This makes this explanation less likely.
Although hormonal and metabolic processes may be involved, our findings indicate that associations between adiposity and dementia in women are not independent of weight loss, which can precede diagnosis of dementia by several years [6] and may be caused by neurodegenerative changes [29] . Several factors directly related to neurodegeneration could lead to unintended weight loss in dementia, including cognitive and psychiatric problems, altered olfaction and gustation, and pathology of energy homoeostatic centres in the brain, particularly the hypothalamus and autonomic centres [30] . Dementia patients may forget to eat due to their memory problems, or may be less motivated to eat due to loss of initiative and/or due to loss in sense of smell that can accompany dementia [31, 32] . Potential mediators including vascular risk factors, stroke and hs-CRP did not explain associations of BC with dementia, which again may indicate that neurodegenerative changes are involved. Furthermore, in our sample, women with dementia lost more weight from midlife than men with dementia (−3.15% vs. −0.97%, respectively), which may explain why Reference group is the normal cognitive status group and odds ratios for MCI are not shown. *P-value <0.05, **P-value <0.01.
we only found associations between adiposity and dementia in women. Reduced thigh muscle tissue was independently associated with the likelihood of dementia in both men and women. This is in line with previous research showing that lean mass was reduced in individuals with early AD and was associated with poorer cognition and brain atrophy [9] . In contrast to fat, associations between low thigh muscle and dementia persisted even after adjustment for weight change. This suggests that the composition of weight loss from midlife was predominately fat, which is consistent with research showing that a decline in muscle mass is not always reflected in a decrease in body weight [33] . The association between reduced muscle tissue and dementia may be explained by a decreased production of sex hormones and/or an increased production of inflammatory factors, which have both been associated with loss of muscle mass [34] and dementia [29, 35] . This may suggest that muscle loss and dementia share common mechanisms.
In this study, BC measures were not significantly associated with MCI. Previous studies have shown inverse associations of fat and muscle mass with cognitive impairment [18, 19] but these studies did not use clinical outcomes and did not consider dementia patients as a separate group. Loss of fat and muscle tissue may be the result of neurodegenerative changes associated with dementia and it is possible that we did not find associations between BC and MCI, because not all MCI patients develop dementia.
Data on midlife BMI in this study uniquely allowed us to stratify associations between BC measures and dementia by midlife BMI. We found that the association between more fat, particularly subcutaneous fat, and a decreased likelihood of dementia was stronger in women with a low to normal midlife BMI than in women with a high midlife BMI. This may indicate that women with a high midlife BMI follow a different trajectory towards old age than women with a low to normal midlife BMI. In addition, midlife BMI seems to influence cross-sectional associations between BC and cognitive status at late-life. However, our results should be regarded as hypotheses-generating research and more research is needed to examine the longitudinal relationship between changes in BC and cognitive status.
In conclusion, our findings highlight the importance of monitoring changes in weight in older persons with poor cognition with the aim of reducing the negative consequences of loss of fat and muscle, such as increased mortality, morbidity and progressive disability [36] . It will, therefore, be important to develop strategies to prevent weight and muscle loss. However, in addition to meeting the challenges of developing such programmes, it is also important to better understand whether the BC changes reflect neurodegenerative pathways, which are in general less tractable to change with standard interventions, like dietary interventions and interventions to increase physical activity.
Key points
• Late-life obesity has been associated with a decreased likelihood of having dementia.
• We examined associations of visceral fat, subcutaneous fat and thigh muscle with cognitive status at old age.
• A higher amount of abdominal and thigh subcutaneous fat were associated with a lower likelihood of dementia in woman.
• More thigh muscle was associated with a lower likelihood of dementia in both men and women.
• Findings suggest that it is important to monitor changes in weight when individuals, particularly women, enter old age.
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